The rare earth metal (RE)-nickel-cadmium intermetallics RE 2 Ni 2 Cd (RE = La, Pr, Nd, Sm, Tb, Dy) were prepared from the elements in sealed niobium or tantalum tubes in a water-cooled sample chamber of a high-frequency furnace. They crystallize with a tetragonal Mo 2 FeB 2 type low-temperature modification, space group P4/mbm, and an orthorhombic Mn 2 AlB 2 type hightemperature modification, space group Cmmm. The cadmium compounds were characterized through their X-ray powder patterns. Five structures of the low-temperature modifications were refined from X-ray single crystal diffractometer data: a = 763.76(9), c = 387.26(8) pm, wR2 = 0.046, 205 F 2 for La 2 Ni 1.67(1) Cd; a = 752.93(7), c = 380.95(6) pm, wR2 = 0.061, 260 F 2 for Pr 2 Ni 2 Cd; a = 750.88(9), c = 378.33(7) pm, wR2 = 0.051, 195 F 2 for Nd 2 Ni 2 Cd; a = 743.6(1), c = 374.0(1) pm, wR2 = 0.036, 386 F 2 for Sm 2 Ni 1.93(1) Cd; a = 734.9(1), c = 366.1(2) pm, wR2 = 0.030, 252 F 2 for Dy 2 Ni 1.94(1) Cd, with 13(12) variables per refinement. The 4g nickel site is only fully occupied in the neodymium and the praseodymium compound. Both modifications can be considered as intergrowths of distorted AlB 2 and CsCl related slabs. In both modification the nickel and cadmium atoms build up two-dimensional [Ni 2 Cd] networks. In the low-temperature modifications the nickel atoms form pairs, while nickel zig-zag chains occur in the high-temperature modifications. These nickel fragments are condensed via the cadmium atoms. The crystal chemistry and the chemical bonding in these intermetallics is discussed.
Introduction
In continuation of our investigations on the structures and properties of Mo 2 FeB 2 type intermetallics RE 2 T 2 X (RE = rare earth element, T = late transition metal, X = element of the 3 rd or 4 th main group) [1] , we have recently substituted the X component also by magnesium and cadmium [2 -11] . This move leads to reduced electron counts and thus influences the magnetic properties. To give an example, the Néel temperature increases from 5 K for Pr 2 Pd 2 In [12, 13] to 15 K for Pr 2 Pd 2 Mg [9] . Also homogeneity ranges occur that effect the magnetic behavior. Ce 2 Rh 1.86 Cd [8] is an intermediate-valent system while cerium is tetravalent in Ce 2 Rh 2 In [14] .
In the rare earth metal-nickel-cadmium systems, so far only mixed-valent Ce 2 Ni 1.88 Cd [2] and the 65 K antiferromagnet Gd 2 Ni 2 Cd [15] have been reported. While the cerium compound adopts the tetrag-0932-0776 / 05 / 0300-0271 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com onal Mo 2 FeB 2 structure (space group P4/mbm) [16] , a ternary ordered version of U 3 Si 2 [17, 18] , Gd 2 Ni 2 Cd is isotypic with orthorhombic Mn 2 AlB 2 [19] , space group Cmmm. Both structure types are composed of similar AlB 2 and CsCl related slabs. Our recent phase analytical investigations in the rare earth metalnickel-cadmium systems have revealed that some of the RE 2 Ni 2 Cd intermetallics with Mo 2 FeB 2 structure have extended homogeneity ranges RE 2 Ni 2−x Cd and that some transform to an Mn 2 AlB 2 type hightemperature modification. The synthesis and structural investigation of these RE 2 Ni 2 Cd intermetallics is reported herein.
Experimental Section

Synthesis
Starting materials for the preparation of the RE 2 Ni 2 Cd samples were ingots of the rare earth metals (Johnson Matthey, Chempur or Kelpin), nickel wire (∅ 0.38 mm, Johnson-Matthey) or nickel powder (Johnson-Matthey), and a cadmium rod (Johnson Matthey, ∅ 8 mm), all with stated purities better than 99.9%. Pieces of the rare earth metal ingots, nickel wire or nickel powder and small pieces of the cadmium rod were weighed in the ideal 2:2:1 atomic ration and sealed in niobium or tantalum ampoules under an argon pressure of about 800 mbar [20] . The argon was purified over titanium sponge (900 K), silica gel, and molecular sieves. The high-melting metal tubes were placed in a water-cooled sample chamber [21] of an induction furnace (Hüttinger Elektronik, Freiburg, Typ TIG 5/300 or Kontron Roto-Melt 1.2 kW). Synthesis of the RE 2 Ni 2 Cd samples via arc-melting is not possible, due to the low boiling temperature (1040 K) of cadmium.
The metal ampoules were first rapidly heated at ca. 1520 K and held at that temperature for 2 min. The subsequent annealing procedures were carried out either directly in the sample chamber of the induction furnace or the tantalum tubes were sealed in evacuated quartz tubes and placed in muffle furnaces. The various samples were annealed between ca. 670 and ca. 1070 K for periods of 2 h in the induction coil and for 2 weeks in the muffle furnaces. The annealing procedures at the lowest temperatures revealed the tetragonal Mo 2 FeB 2 compounds, while the orthorhombic Mn 2 AlB 2 phases occurred at the higher annealing temperatures. The temperature control at the induction furnace was ensured through a Sensor Therm Metis MS09 pyrometer with an accuracy of ±30 K. The muffle furnaces were controlled through standard Ni-Cr/Ni thermocouples.
After the annealing procedures, all RE 2 Ni 2 Cd samples could be broken mechanically off the ampoule walls. No reactions with the crucible material could be detected. Compact pieces and powders of the RE 2 Ni 2 Cd compounds are stable in air over long periods of time. Powders are dark grey and the single crystals exhibit metallic lustre.
X-ray film data and structure refinements
The samples annealed at the various temperatures were characterized on a Stoe StadiP powder diffractometer (with silicon (a = 543.07 pm) as an external standard) or through Guinier powder patterns (α-quartz (a = 491.30, c = 540.46 pm) as an internal standard) using Cu-K α1 radiation. The Guinier camera was equipped with an imaging plate system (Fujifilm BAS-1800). The lattice parameters (Table 1) were obtained from least-squares fits of the X-ray powder data. The correct indexing was ensured through comparison with calculated patterns [22] using the atomic positions obtained from the structure refinements. The lattice parameters derived for the powders and the single crystals agreed well. So far it was only possible to get small single crystals for the low-temperature modifications. Irregularly shaped Cd were collected at room temperature by use of a four-circle diffractometer (CAD4) with graphite monochromatized Mo-K α radiation (71.073 pm) and a scintillation counter with pulse height discrimination. The scans were performed in the ω/2θ mode. Empirical absorption corrections were applied on the basis of Ψ -scan data, followed by spherical absorption corrections. The Dy 2 Ni 1.94 Cd crystal was investigated by use of a Stoe IPDS-II diffractometer with graphite monochromatized Mo-K α radiation. The absorption correction for this crystal was numerical. All relevant crystallographic data for the data collections and evaluations are listed in Table 2 .
The isotypism of the low-temperature modifications with the previously reported cerium compound Ce 2 Ni 1.88 Cd [2] was already evident from the X-ray powder data. The atomic positions were taken as starting values and the structures were refined using SHELXL-97 (full-matrix least-squares on F 2 o ) [23] with anisotropic atomic displacement parameters for all sites. As a check for the correct site assignment and possible nickel defects (see Ce 2 Ni 1.88 Cd [2] ), the occupancy parameters were refined in separate series of least-squares cycles. The rare earth and cadmium sites were fully occupied within one standard deviation for all crystals. Also the nickel sites in Pr 2 Ni 2 Cd and Nd 2 Ni 2 Cd were fully occupied, while there are small defects on the 4g nickel sites of the samarium and the dysprosium crystal and even larger defects for the lanthanum crystal, leading to the refined compositions La 2 Ni 1.67 Cd, Sm 2 Ni 1.93 Cd, and Dy 2 Ni 1.94 Cd. The nickel occupancy parameters for these crystals have been refined as a least-squares variable in the last cycles. Final difference Fourier syntheses revealed no significant residual peaks (see Table 2 . Crystal data and structure refinement for La 2 Table 2 ). The positional parameters and interatomic distances are listed in Tables 3 and 4 . Further details on the structure refinements are available * .
EDX analyses
The bulk samples and the single crystals measured on the diffractometers have been analyzed by EDX using a LEICA 420 I scanning electron microscope with the rare earth trifluorides, nickel, and cadmium as standards. The single crystals mounted on the quartz fibres were coated with a thin carbon film. Pieces of the bulk samples were polished with different silica and diamond pastes and left unetched for the analyses in the scanning electron microscope in backscattering mode. The EDX analyses revealed no impurity elements. For the bulk samples and the five single crystals the analyses were, within the experimental errors, all close to the ideal RE 2 Ni 2 Cd compositions.
Discussion
Synthesis conditions
So far, only the tetragonal, Mo 2 FeB 2 type compounds RE 2 Ni 2 Cd and RE 2 Ni 2−x Cd were obtained in X-ray pure form. The samples prepared via the longterm annealing procedures at higher temperature always revealed the orthorhombic Mn 2 AlB 2 type intermetallics RE 2 Ni 2 Cd as the major phase, but considerable degrees of the Mo 2 FeB 2 type compounds still remained in these samples. Thus, the samples had not completely transformed to the orthorhombic modifications and consequently no phase pure synthesis of the orthorhombic RE 2 Ni 2 Cd intermetallics was yet possible. Unfortunately our Mn 2 AlB 2 type crystals were not of sufficient quality for X-ray examinations. Our synthesis conditions could not be compared with those of Mn 2 AlB 2 type Gd 2 Ni 2 Cd [15] , since these authors did not report the annealing temperature.
Crystal chemistry
The family of RE 2 Ni 2 Cd (RE = La, Pr, Nd, Sm, Tb, Dy) intermetallics was investigated by X-ray diffraction on powders and single crystals. Similar to the series of indides RE 2 Ni 2−x In and RE 2 Ni 2 In [24, 25] , for the RE 2 Ni 2 Cd intermetallics two different structure types also occur. The low-temperature modifications crystallize with the tetragonal Mo 2 FeB 2 structure [16] , while the high-temperature compounds adopt the orthorhombic Mn 2 AlB 2 type [19] . However, there is one significant difference for the cadmium compounds described here. While the tetragonal indides show all defects on the nickel site, for tetragonal Pr 2 Ni 2 Cd and Nd 2 Ni 2 Cd full nickel occupancy was observed from the structure refinements. Nevertheless, small The crystal chemistry of the Mo 2 FeB 2 related intermetallics has been described in detail in a recent review [1] . In the following discussion we focus only on the structural relationship with the Mn 2 AlB 2 type. As examples we present projections of the tetragonal Dy 2 Ni 1.94 Cd and the orthorhombic Gd 2 Ni 2 Cd structures along the short unit cell axis in Fig. 1 . Both structures are built up from slightly distorted AlB 2 and CsCl related slabs of compositions RENi 2 , RENi 2−x , and RECd. As pure binary phases, the RENi 2 compounds crystallize with the structure of the cubic Laves phase MgCu 2 , while the high-and low-temperature modifications of the RECd intermetallics indeed adopt CsCl related arrangements [26] . The coordination polyhedra of the rare earth and nickel atoms are similar in both structures. The dysprosium and gadolinium atoms both have coordination number CN = 17 with 6 Ni + 4 Cd + 7 RE atoms in their coordination shell. The nickel atoms have CN = 9 in the form of tri-capped trigonal prisms, a typical coordination polyhedron for transition metal atoms in such intermetallics. The capping atoms are 1 Ni + 2 Cd in Dy 2 Ni 1.94 Cd and 2 Ni + 1 Cd in Gd 2 Ni 2 Cd. As already discussed above, the cadmium atoms in Gd 2 Ni 2 Cd have only linear nickel coordination, leading to the smaller CN 10. The longer Cd-Cd contacts at 394 pm can only be considered as elements of the coordination polyhedron from a purely geometric point of view (tetra-capped square prism). According to the Goldschmidt rule, the smaller coordination number in the high-temperature form is as expected.
Finally we draw back to the cell volumes of the various RE 2 Ni 2 Cd intermetallics. These volumes are drawn in Fig. 2 as a function of the rare earth element. For both, the Mo 2 FeB 2 and the Mn 2 AlB 2 type compounds, the cell volume decreases from the lanthanum to the terbium compound, as expected from the lanthanoid contraction. The cell volumes of the high-temperature forms are about 3% larger than those of the low-temperature ones. Ce 2 Ni 1.88 Cd [2] shows a negative deviation from the smooth curve, due to the intermediate cerium valence, similar to Ce 2 Rh 1.86 Cd [8] . For both compounds, the a lattice parameter fits in between that of the lanthanum and the praseodymium compound, while the c lattice parameter is even smaller than that of the praseodymium (for Ce 2 Ni 1.88 Cd), respectively the neodymium compound. The cerium valence has thus a pronounced influence on the c lattice parameter.
